To effectively repair or replace damaged tissues, it is necessary to design scaffolds with tunable structural and biomechanical properties that closely mimic the host tissue. In this paper, we describe a newly synthesized photocrosslinkable interpenetrating polymer network (IPN) hydrogel based on gelatin methacrylate (GelMA) and silk fibroin (SF) formed by sequential polymerization, which possesses tunable structural and biological properties. Experimental results revealed that IPNs, where both the GelMA and SF were independently crosslinked in interpenetrating networks, demonstrated a lower swelling ratio, higher compressive modulus and lower degradation rate as compared to the GelMA and semi-IPN hydrogels, where only GelMA was crosslinked. These differences were likely caused by a higher degree of overall crosslinking due to the presence of crystallized SF in the IPN hydrogels. NIH-3T3 fibroblasts readily attached to, spread, and proliferated on the surface of IPN hydrogels as demonstrated by F-actin staining and analysis of mitochondrial activity (MTT). In addition, photolithography combined with lyophilization techniques was used to fabricate 3D micropatterned and porous micro-scaffolds from GelMA-SF IPN hydrogels, furthering their versatility for use in various microscale tissue engineering applications. Overall, this study introduces a class of photocrosslinkable, mechanically robust and tunable IPN hydrogels that could be useful for various tissue engineering and regenerative medicine applications.
Introduction
There is a extensive number of diseases and injuries that lead to tissue degeneration, organ dysfunction and organ failure. While organ/tissue transplants can be an option in some cases, organ recipients often far outnumber organ donors. The fields of tissue engineering and regenerative medicine hold the promise to overcome this outstretched demand through tissue regeneration, organ repair and/or replacement [1] . The current tissue engineering paradigm is typically focused on regenerating tissue with scaffolds seeded with cells in combination with growth factors [2] . Recently, scaffold designs for tissue engineering have focused on mimicking the natural extracellular matrix (ECM) [3] . However, the ECM is not a uniform material; its constituents vary throughout the body in order to meet local environmental, mechanical and structural demands of the body. Thus, tissue engineering scaffolds, like the ECM should have tunable biophysical properties in order to meet tissue specific applications [4] .
Hydrogels are one category of scaffold that have been widely used in tissue engineering and regenerative medicine [5] . Some reasons for their popularity are structural similarity to the natural ECM, high water content, biocompatibility and good diffusive properties with respect to oxygen, nutrients and waste products [6] [7] [8] . The physical, chemical and biological properties of hydrogels can be easily modulated by varying the degree of crosslinking [9] [10] [11] and the combination of materials [12] [13] [14] . The result is a series of composite biomaterials that can be tailored to meet the specific mechanical and functional requirements of the host tissues, while promoting tissue morphogenesis.
Hybrid hydrogels are biomaterial systems composed of at least two different hydrogel components, interconnected via chemical or physical means [15] . IPN hydrogels are one type of hybrid hydrogels composed of two or more incompatible crosslinked polymers, where each polymer is either a physically or chemically crosslinked network which is intertwined with, but not crosslinked to, the other polymer(s) [16] . As a hybrid hydrogel, the IPN hydrogels could share the properties of each polymer in the network. Furthermore, the highly entangled networks often result in a mechanically reinforced and strengthened hydrogel system [13] .
Gelatin methacrylate (GelMA) is formed by incorporating methacrylate groups onto the amine-containing side groups of gelatin, yielding a gelatin-based, photocrosslinkable hydrogel [17] . Comprised of degraded natural ECM components, GelMA can form covalently and irreversibly crosslinked hydrogels through exposure to UV light in the presence of a photoinitiator [9, [17] [18] [19] . Recently, GelMA has been demonstrated as a useful tissue engineering hydrogel system that promotes cell proliferation, migration and spreading both in 2D [9] and 3D [9, 18, 19] and is compatible with microfabrication techniques for creating cell-laden microtissues [9, 19] . Although GelMA hydrogels have many advantageous properties, such as low cost, ease of production, natural cell binding and degradation motifs, for materials requiring long degradation times or greater mechanical stiffness its suitability may be limited.
Silk fibroin (SF) derived from Bombyx mori is a self-assembling structural protein which possesses many important material properties for tissue engineering and regenerative medicine, such as good mechanical strength, biocompatibility, high dissolved-oxygen and water-vapor permeability, and resistance to enzymatic degradation [20] [21] [22] [23] [24] . SF is comprised of a heavy polypeptide chain and a light chain. The heavy chains consist primarily of GlyAla-Gly-Ala-Ser residues which can be formed the β-sheet secondary crystalline structures [25, 26] . As compared to other polymers, an important advantage of SF for hydrogel systems is its ability to physically crosslink without any chemical modifications. The gelation of SF is the process of protein aggregation which was related to the conformational change of the SF molecules from a random coil to β-sheet [27] . The properties of mechanical and degradation of hydrogel are largely influenced by the crystallinity and degree of physical crosslinking [28] .
In this paper, we report the synthesis and characterization of IPN hydrogels consisting of sequentially polymerized GelMA and SF. It was hypothesized that sequential crosslinking of GelMA, followed by SF network formation would yield a tunable, hybrid hydrogel with good cell biocompatibility and mechanical properties for tissue engineering. We tested the hypothesis that mixed prepolymer GelMA-SF solutions exposed to UV light in the presence of a photoinitiator would photocrosslink only the GelMA, while immobilizing the amorphous SF. Subsequent exposure to aqueous methanol (MeOH) was used to test the induction of SF crystallization in polymerized GelMA-SF hydrogels to form crystalline β-sheets which acted as a reinforcement component. Further variation of the concentration of SF tested the tunability of the resulting series of IPN hydrogels from biophysical, structural and cell compatibility perspectives. Lastly, to explore the applicability of these IPN networks to the microscale tissue engineering field, we investigated the fabrication of 3D micro-scaffolds and assessed their cytocompatibility. The resulting IPN micro-scaffold systems could be used to make functional micro-tissues for use in "bottom-up" assembly of biomimetic engineered tissues [29] .
Materials and methods

Materials
Raw silk fiber was purchased from Siyuan Textile Company (Tong Xiang, Zhejiang, China). The photoinitiator, 2-hydroxy-1-[4-(hydroxyethoxy)-phenyl]-2-methyl-l-propanone (Irgacure 2959) was obtained from Ciba Geigy (Dover, NJ). The Live/Dead Viability/ Cytotoxicity kit, Alexa Fluor 594-labelled phalloidin and DAPI were ordered from Invitrogen Corporation (Invitrogen, Carlsbad, USA). Collagnenase type II was purchased from Worthington Biochemical Corporation (Lakewood, NJ, USA). The OmniCure® S2000 UV/Visible Spot Curing System from EXPO Photonic Inc (Ontario, Canada) was used for polymerization of hydrogels. All other chemicals were purchased from Sigma-Aldrich (St. Louis, USA) unless specifically mentioned.
Silk-fibroin (SF) purification and concentration
SF aqueous stock solutions were prepared as previously described [30] . First, to remove the sericin coating (degum), the silk fiber was boiled in aqueous solution with 0.25% (w/v) sodium dodecylsulfate (SDS) and 0.25% (w/v) sodium carbonate for 1 hour, with the raw silk added at a ratio of 1:100 w/v. The degummed silk fiber was thoroughly rinsed with deionized water. The washed fiber was air-dried and dissolved in 9.3M Lithium bromide (LiBr) solution at 60°C for 4 hour to make a 20% (w/v) solution. The solution was dialyzed against deionized water in a 3500Da cutoff dialysis tube (VWR Scientific) for 3 days at 4°C, and was further purified by centrifuging at 8,000 rpm for 20 minutes. To obtain silk solutions with higher concentrations, the SF solution was concentrated in a 3500 Da cutoff dialysis tube (VWR Scientific) against 20% (w/v) PEG (10,000 g/mol) solution for 24 hours at 4°C. The final concentration of the aqueous SF solution was adjusted to 8 wt%, which was determined by weighing the remaining solid after drying. The solution was either directly used or stored at 4°C for future use.
Synthesis of gelatin methacrylate (GelMA)
GelMA was synthesized as described previously [9, 17] . Type A gelatin derived from porcine skin (Sigma-Aldrich) was dissolved in Dulbecco's phosphate buffered saline (DPBS, GIBCO, CA) at 60°C to make a 10 wt% uniform solution. 5 ml of methacrylic anhydride (MA) was added to the gelatin solution at a rate of 0.5 ml/min under stirring conditions (Fig. 1A) . The mixture was allowed to react at 50°C for 3hours. After a 5× dilution with additional warm DPBS, the GelMA solution was dialyzed against deionized water using a 12-14 kDa cutoff dialysis tube (VWR Scientific) for 6 days at 50°C to remove unreacted methacrylic anhydride and additional by-products. The GelMA solution was frozen at −80°C, lyophilized and stored at −80°C until further use. The percent methacrylation of the gelatin used in these experiments is roughly 73% as characterized by NMR [9] .
Preparation of GelMA-SF composite hydrogels
The prepolymer solution was prepared by mixing 6 wt% GelMA solution with 0.5, 1 and 2 wt% SF to produce the G-S-0.5, G-S-1 and G-S-2 hydrogel prepolymer solutions ( Table 1 ). The photoinitiator was added to the prepolymer solutions for a final concentration of 1 wt%. GelMA-SF prepolymer solutions were vigorously stirred at room temperature for 10 minutes to generate a homogeneous solution. Fig. 1B shows the schematic diagram of the synthesis process, to fabricate GelMA-SF IPN hydrogels. Briefly, 150 μL prepolymer solution was pipetted into the cylindrical poly(dimethylsiloxane) (PDMS) mold covered on a 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) treated glass slide, and then exposed to UV light (320-500nm, 7.0 mW/cm 2 ) for 2 minutes to allow for free radical polymerization of GelMA chains by photocrosslinking. After being detached from the mold, the resulting GelMA-SF semi-IPN hydrogels were treated with 70% (v/v) MeOH aqueous solution for 1hour at room temperature. The GelMA-SF IPN hydrogels were removed from the glass slide and rinsed thoroughly with DPBS to remove residual of methanol.
Swelling ratio measurement
To assess gel swelling, the GelMA-SF composite hydrogels were immersed in DPBS at room temperature for 24 hours. After excess surface water was removed with filter paper, the swollen weight of each hydrogel was recorded. The samples were then frozen and lyophilized to obtain the hydrogel dry weight. The swelling ratio for each hydrogel was calculated as the ratio of wet mass to dry mass. The sample size was 4 gels per group.
Mechanical testing
The mechanical properties of the GelMA-SF composite hydrogels were characterized by compressive stress-strain measurements on an Instron 5542 mechanical tester at room temperature. The hydrogel sample, 6.7 mm in diameter and 1.5 mm in height, was tested at a rate of 20% strain/min. The compressive modulus was determined as the slope of the linear region of the stress-strain curve corresponding with 0-10% strain. The sample size was 3 to 4 gels per group.
In vitro enzymatic degradation
To characterize the enzymatic degradation properties of GelMA-SF IPN hydrogels, the hydrogel samples were placed in 1.5 ml centrifuge tubes with 1ml DPBS containing 1 -2 U/ ml collagenase type II at 37°C. At a pre-defined time, the hydrogels for each condition were removed, frozen, and lyophilized. The mass loss was determined by the ratio of final weight to the original dry weight. The sample size was 5 gels per group.
SEM characterization
To characterize the internal microstructures of the GelMA-SF composite hydrogels, the swollen hydrogel samples were frozen at −80°C and then lyophilized. The dried hydrogels were cut to expose the cross-sections and coated with Pt/Pd using a sputter coater (SP-2 AJA Sputtering System). The samples were observed by using scanning electron microscopy (SEM, Zeiss Ultra 55, Germany) under an accelerating voltage of 15 kV. The ImageJ software was used to quantify the porosity based on the SEM pictures [31] . At least 5 images from 3 samples for each group were used for the quantification.
Cell culture
NIH-3T3 fibroblasts were maintained in Dulbecco's modified eagle medium (DMEM; Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin, and were cultured in a standard cell culture incubator (Forma Scientific) in a 5% CO 2 atmosphere at 37°C. The cell culture media was changed every 2 days and cells were passaged twice a week.
Cell morphology on GelMA-SF IPN hydrogels
To investigate the effect of GelMA-SF IPN hydrogels with different SF concentrations on cell behavior (proliferation and spreading), the NIH-3T3 fibroblasts were seeded at a density of 1.3×10 4 cells/cm 2 on the surface of the hydrogels. The culture media was changed every day. After 1 and 3 days culture, the hydrogel samples were fixed in 3.7% paraformaldehyde solution, treated with 0.1% Triton X-100 and stained with Alexa Fluor 594 phalloidin and counterstained with DAPI to facilitate cell number counting. The samples were visualized with a fluorescent microscope (Nikon Eclipse TE 2000-U, AVON, MA). ImageJ software was used to quantify cell number and single cell spreading area from fluorescence images. At least six images from 3 samples for each group were used for quantification of the cell number and spreading area.
Cell metabolic activity studies
Cell metabolic activity on the surface of GelMA-SF IPN hydrogels was analyzed with an MTT colorimetric assay. 100 μl of hydrogel prepolymer solution was added to each well of a 48-well plate. After UV exposure (7.0 mW/cm 2 ) for 2 minutes, the samples were treated with 70% (v/v) MeOH solution, and then thoroughly rinsed with sterilized DPBS solution. 500 μl of NIH-3T3 fibroblast cells suspension was seeded on the hydrogel surface at a density of 1.5×10 4 cells/well. The culture media was changed every day. At predetermined times, 500 μl of 5 mg/ml 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyl tetrazolium Bromide (MTT) solution was added to each wells. After 4 hours of incubation, the supernatant was carefully removed and 500 μl of dimethyl sulfoxide (DMSO) solution was added to dissolve the formazan crystals. After shaking for 10 minutes on a plate mini shaker, 100 μl solution was transferred into a 96-well plate and the absorbance was read at 570 nm with the reference wavelength 650 nm by Epoch Microplate Spectrophotometer (BioTek, Winooski, VT). Five parallels were averaged for each hydrogel sample.
Microfabrication of GelMA-SF IPN hydrogels
To fabricate micropattened GelMA-SF composite porous scaffolds, photomasks with square patterns (dimensions: 700 × 700 μm) were designed using AutoCAD and printed on transparencies with 20,000-dpi resolution (CAD/Art Services). To fabricate the microgels, 100 μl of G-S-0.5prepolymer solution was pipetted onto a flat hydrophobic PDMS molds covered by a TMSPMA treated glass side separated by two cover slips which makes a 300 μm space in the middle, the photomask was placed on the top of glass slide and the prepolymer was exposed to UV light for 30 seconds (7.0 mW/cm 2 ). The GelMA-SF semi-IPN hydrogel patterns were then rinsed with DPBS to remove excess prepolymer then the hydrogel pattern was immersed into 70% (v/v) MeOH solution for 1 hour. The glass slide with patterned hydrogels were frozen at −80°C for 2 hours and then lyophilized. The micropatterned scaffolds were coated with Pt/Pd and were observed with the SEM under an accelerating voltage of 15 kV. The micropatterned scaffolds were treated by ethanol series (100%, 75%, 50% and 25% (v/v)) as previously described to prevent deforming of the scaffold [32] . The micro-scaffolds were washed with the sterile DPBS, put in 4-well plates and filled with 5 ml of cell suspension containing 1×10 5 cells per ml for each well. These plates were cultured in a 5% CO 2 atmosphere at 37°C incubator. After one day culture, cells were stained with live/dead viability kit and visualized under a fluorescence microscope.
Statistical analysis
Hydrogel data were analyzed by using one-way and two-way analysis of variance (ANOVA) with SF concentration, methanol treatment and time in culture as independent variables. Post hoc analysis was performed with Fisher's LSD test. Statistical analysis was performed with GB-STAT v8.0 (Dynamic microsystems, Silver Springs, MD). For all statistical tests, the level of significance was set at p<0.05. Data are presented as mean ± standard deviation (SD).
Results
Swelling properties
All the hydrogels (IPNs, semi-IPNs and GelMA hydrogels) were generated as previously described and allowed to reach equilibrium with 24 hour incubation in DPBS at room temperature. Hydrogels were then weighed and lyophilized. Wet and dry weights were used to generate the swelling ratio. A two-way ANOVA revealed a significant effect of MeOH treatment (p<0.05), SF concentration (p<0.05) and an interactive effect between MeOH treatment and SF concentration (p<0.05) on the swelling properties of the composite hydrogels. These analyses illustrated that supplementing GelMA hydrogels with SF significantly reduces the swelling ratio of GelMA-SF semi IPN hydrogels. Furthermore, the interaction exhibited that the addition of SF in combination with MeOH treatment significantly reduces the swelling ratio more than SF supplementation or MeOH treatment alone. It is known that treatments with aqueous MeOH solution induce a conformational transformation of SF from random coils to β-sheets, which introduces more physical crosslinking sites in the hydrogel network [33] . Moreover, the crystallized SF in the hydrogel network is impermeable to water, decreasing the swelling ratio of IPN hydrogels [34] . For semi-IPN hydrogels, the SF is entangled in the GelMA network, resulting in a relatively loose structure with a higher swelling ratio.
Mechanical properties
We also evaluated the effects of SF concentration and crystallization on the mechanical properties of GelMA hydrogels by using an unconfined, uniaxial compression test. Statistical analysis illustrated a significant effect of SF concentration (p<0.05), MeOH treatment (p<0.05) and an interactive effect between SF concentration and MeOH treatment (p<0.05) on the compressive modulus of the hydrogels (Fig. 3) . These results displayed the ability of SF concentration and MeOH treatment to individually affect the compressive modulus of hydrogels. Furthermore, the interaction described the ability of SF concentration in combination with MeOH treatment to result in a synergistic effect on the compressive modulus, enhancing the compressive modulus of the GelMA-SF hydrogels more than an increase SF concentration or MeOH treatment alone. Post hoc analysis did not reveal significant alterations in the compressive modulus of GelMA-SF semi-IPN hydrogels when compared to GelMA alone. However, treatment with a 70% (v/v) MeOH solution significantly increased the compressive modulus of the GelMA-SF hydrogels compared to both GelMA alone and GelMA-SF semi-IPN hydrogels; increasing the concentration of SF from 0.5 to 2 wt% increased the compressive modulus by almost 5-fold. We hypothesize that MeOH treatment for the GelMA-SF composite hydrogel could induce β-sheet formation, which form a reinforced microstructure and increase the crosslinking degree.
Degradation profile
The enzyme mediated degradation profiles of GelMA-SF IPN hydrogels were investigated using collagenase solutions in vitro. Statistical analysis demonstrated a significant effect of culture time (p<0.05), SF concentration (p<0.05) and an interactive effect between culture time and SF concentration (p<0.05) on the degradation profiles of composite hydrogels at both 1 U/ml and 2 U/ml of collagenase (Fig. 4) . Overall statistical analyses revealed that the addition of SF significantly reduces the degradation rate of GelMA-SF IPN hydrogels irrespective of the collagenase concentration, resulting in an inverse correlation between SF concentration and degradation rate of GelMA-SF IPN hydrogels. The significant effect of culture time confirmed that the longer the hydrogels are in culture the greater the mass loss. The degradation results can be attributed to the more compact structure of IPN hydrogels and the presence of β-sheet structures, which can act as water insoluble backbones, hindering the permeation of collagenase solution into hydrogel [35] . There was no significant weight loss observed in PBS controls for all the IPN hydrogels after 72 hours.
Interior morphology of Gel-MA/SF composite hydrogel
To better understand the structure-function relationship of the GelMA-SF composite hydrogels, we examined the corresponding cross-sectional microstructures of hydrogels by SEM (Fig. 5A) . The Fig. 5B shows the porosity based on the SEM images. The GelMA and GelMA-SF semi IPN hydrogels with 0.5 wt% SF showed a loose, honey-comb-like structure ( Fig. 5A1 and 5A2) . With the addition of 1 wt% and 2 wt% SF ( Fig. 5A4 and 5A6 ), the semi-IPN hydrogels displayed some parallel sheet structures as SF formed sheet-like morphology during the freezing process [36] , and there were no significant difference of the porosity between all the Semi-IPN hydrogels. After MeOH treatment, for the G-S-0.5 IPN, the wall thickness of material surrounding the pores was greater than in semi-IPN hydrogels, although the porous structure was retained (Fig. 5A3) . For the G-S-1 and G-S-2 IPN hydrogel ( Fig. 5A5 and 5A7 ), the porosity have decreased to 54% and 41.8%, respectively and the sheet structure became more visible when more SF added. From the SEM images, no visible phase separation was observed for all groups of GelMA-SF composite hydrogels.
Cell morphology on GelMA-SF IPN hydrogels
The ability of cells to attach, spread, and proliferate on hydrogels are important attributes for tissue development. To investigate the effects of SF supplementation on cellular adhesion and proliferation, NIH-3T3 fibroblasts were seeded on IPN hydrogels and stained with fluorescently-labeled phalloidin and DAPI to visualize F-actin fibers and cell nucleus respectively (Fig. 6A) . We evaluated the single cell spreading area and the total cell area (cells/mm 2 ) on the surface of GelMA-SF IPN hydrogels. For single cell spreading area after 1 day in culture, statistical analysis revealed no significant differences between groups (p>0.05) (Fig. 6B) demonstrating that the addition of SF does not affect the ability of cells to spread on GelMA-SF IPN hydrogels. For cellular attachment and proliferation on the GelMA-SF IPN hydrogel surface, a two-way ANOVA revealed a significant effect of SF concentration (p<0.05), culture time (p<0.05) and an interactive effect between SF concentration and culture time (p <0.05) on the number of cells/mm 2 on the hydrogels (Fig.  6C ). Overall these statistical results illustrated that NIH-3T3 cells can proliferate on all GelMA-SF IPN hydrogels over 3 days and that increasing the concentration of SF reduces NIH-3T3 proliferation rate. Post hoc analysis found no significant differences between GelMA-SF IPN hydrogels and GelMA alone on the number of cells per square millimeter after 1 day in culture. After 3 days in culture, 0.5% SF supplementation significantly enhanced the number of cells per square millimeter compared to GelMA alone, as the substrate stiffness could affects fibroblast proliferation. However, higher concentrations of SF reduced the number of cells per square millimeter suggesting that the higher degree of β-sheet formation on the hydrogel surface is less favorable for cell proliferation [37] .
Nonetheless, GelMA-SF IPN hydrogels displayed tunable adhesion and proliferation rate profiles.
Cell metabolic activity on GelMA-SF IPN hydrogel
The MTT assay was implemented to quantitatively investigate cell metabolic activity of NIH-3T3 cells on GelMA-SF IPN hydrogels after 1, 3, and 5 days in culture. As shown in Fig. 7 , the statistical analysis illustrated a significant effect of SF concentration (p<0.05), culture time (p<0.05) and an interactive effect between SF concentration and culture time (p<0.05) on cell metabolic activity. These results revealed that NIH-3T3 cells had an increased metabolic activity on all GelMA-SF IPN hydrogels over 3 days and that increasing the concentration of SF reduced NIH-3T3 metabolic activity. After 1 day in culture, Fischer's LSD post hoc analysis illustrated that the cellular metabolic activity was statistically indistinguishable between the hydrogels. However, after 3 and 5 days of culture, MTT assay revealed the highest metabolic activities for pure GelMA hydrogels and GelMA-SF IPN with 0.5% SF. In general, the cell metabolic activity matched the attachment and proliferation data in Fig. 6 . The MTT assay measures the ability of mitochondrial enzymes to reduce MTT, thus the more cells attached to the hydrogel surface, the more cells present and a higher metabolic measurement from the assay.
Gel-MA/SF composite materials for micropatterned porous scaffolds
To demonstrate the advantage of GelMA-SF IPN hydrogels for microscale tissue engineering applications, we employed photolithography and freeze drying methods to engineer micropatterned porous scaffolds. GelMA-SF composite material with 0.5% SF (G-S-0.5) was chosen as it displayed desirable mechanical and degradation properties yet retained similar biological properties as pure GelMA. The micro-patterned scaffolds exhibited open and interconnected porous structures, a feature that is imperative for tissue engineered scaffolds (Fig. 8B) . However, for the micropatterned Gel-MA scaffolds, we found there was a thin superficial film that covered the porous structures (Fig. S1) , which was previously observed for the gelatin scaffolds prepared by freeze-drying method [38] . Live/Dead images of NIH-3T3 cells cultured on the micropatterned scaffolds for one day display a high rate of viability and uniform distribution. It is envisioned that these microscale scaffolds could be seeded with different types of cells and then harvested to assemble into heterogeneous tissue grafts using a "bottom-up" approach [29] .
Discussion
Here, we have synthesized a photocrosslinkable protein-based hydrogel composed of gelatin methacrylate and silk fibroin. Both gelatin and SF extracted from the Bombyx mori silkworm are FDA approved for specific applications and have been widely used in tissue engineering and regenerative medicine applications. Gelatin is obtained by breaking the triple-helix structure of collagen into single-stranded macromolecules. When in solution, gelatin molecules form reversible hydrogels inversely proportional to temperature, which are not stable at normal body temperature of 37°C due to gelatin's relatively low melting point. Many methods exist to crosslink gelatin to make the properties of gelatin hydrogels more temperature stable, such as treatment with glutaraldehyde [39] , carbodiimides [40] or genipin [41, 42] . Recently, photocrosslinkable gelatin methacrylate (GelMA) hydrogels have gained much attention in the tissue engineering field [9, [17] [18] [19] . One of most important advantages of GelMA is its compatibility with microfabrication techniques that could lead to the development of stem cell niches [43] or tissue engineered constructs that can be spatially customized [19, 44] . All gelatin-based hydrogels have the innate advantage of the cell responsivity of gelatin; however, 3D encapsulation is only compatible with some crosslinking techniques.
The physical and chemical properties of SF largely depend on its molecular conformation and crystallinity. Crystallization of SF can be readily induced by physical [45, 46] and chemical treatments [47] . Methanol is a very widely used organic solvent to induce SF crystallization. When treating with methanol, the chain-chain contact and β-sheet structures are induced due to the dehydration of hydrated hydrophobic domains of SF [47] . Recently, a protein hydrogel based on SF and gelatin was reported [33, 34, 48] , where the gelatin was mixed with SF, and then the MeOH was applied to induce the crystallization of SF. In these studies, there was no phase separation when mixing two polymers and the crystallization of SF was not interfered by the presence of gelatin. Furthermore, the thermal stability and mechanical property of the composite hydrogel were improved by the presence of crystallized SF. A similar phenomenon was observed with SF and GelMA in our study. The major difference for our study is the use of GelMA, rather than pure gelatin, which introduced the photo-polymerization mechanism into the IPN synthesizing process. The GelMA-SF IPN hydrogel was demonstrated to be compatible with common microfabrication technology to create the three dimensional microscale tissue engineering scaffolds.
Hydrogels used for the biomedical field must be versatile to meet different biophysical and biochemical requirements. Mandal et al., have reported a SF/polyacrylamide semi-IPNs hydrogel with the tunable property by varying the ratio of two components for controlled drug release [49] . In our study, a full IPN hydrogel was formed by the sequential polymerization of GelMA and SF; the formation of IPN hydrogels with varying SF concentrations allowed for tunable biophysical properties of the resulting hydrogels. For specific tissue engineering applications, matching the mechanical properties of the polymer scaffold with those of the host tissues is important [50] . The incorporation of SF in the IPN hydrogels increased the compressive modulus as SF acted as a mechanical reinforcement component. By controlling the concentration of SF, the mechanical properties of IPN hydrogel could be tunable across a wide range of mechanical stiffnesses which could meet different requirements of specific host tissues [50] . One of the goals of tissue engineering is to ensure that tissue constructs can be incorporated into the surrounding host tissue. This requires that biopolymer scaffolds degrade at a rate similar with the growth rate of new tissue as a mismatch in these rates can lead to premature failure of the tissue development [25] . Therefore, the degradation rate is an important parameter when designing hydrogel scaffolds for tissue engineering. The degradation profiles clearly demonstrated that GelMA-SF IPN hydrogels had a significantly lower mass loss as compared to pure Gel-MA hydrogels. The degradation rate could be controlled by the amount of crystallized SF in the hydrogels suggesting a degree of degradation tunability. This is particularly useful in biodegradable scaffolds in which slow tissue growth is desirable such as bone or cartilage [51, 52] . Although protease XIV have been shown high activity towards the β-sheet structures of SF, the protease XIV is not present in the human body [53, 54] . Therefore we chose collagenase solely for its known ability to degrade GelMA and as one of the important degradation enzymes in vivo. Also, SEM characterization revealed that the IPN hydrogels possessed reduced porosity, especially as the SF content increased suggesting the ability to control the porosity for different tissue engineering applications. The results of cell attachment experiments demonstrated that 0.5 wt% SF IPNs were the most suitable for cell spreading and proliferation, however, IPN hydrogels with a higher content of crystallized SF did not demonstrate as favorable cell-biomaterial interactions. The cell proliferation rate decreased as the silk concentration increased, potentially making higher concentrations of SF less desirable for applications requiring rapid cell proliferation. Thus, the physical, chemical and biological properties of the IPN scaffolds could be tailored for specific applications by optimizing the individual concentrations of SF and GelMA, with careful attention paid to the desired cell proliferation required.
By mimicking native microstructural functional units, "bottom-up" approaches aim to create biomimetic engineered tissues by using microscale building blocks to construct modular tissues [29] . Du et al. used the "bottom-up" approach to assemble cell-laden hydrogels to generate tissue constructs [55] . However, because the cells have to be encapsulated into the hydrogel, the UV crosslinking and the residue of photoinitiator could negatively influence cell viability. Here we have presented a novel method to fabricate 3-D micro-scaffolds based on GelMA-SF IPN hydrogels. Based on the G-S-0.5 IPN hydrogel, following photolithography and lyophilization, we obtained 3D, interconnected porous micro-scaffolds which could provide a 3D support structure for cell growth. High porosity and pore connectivity are essential to ensure sufficient nutrient, oxygen and metabolite diffusion throughout the scaffold. Incorporating SF could provide the scaffold with greater structural integrity, stability and insolubility as compared to GelMA alone. For micro-patterned scaffolds, cells attached and grew in the 3D pores throughout the scaffold. Overall, this 3D micro-scaffold could be a substitute for the cell-laden microgel for use in "bottom-up" assembly to create biomimetic tissue engineering constructs.
Conclusions
In summary, we have synthesized a series of photocrosslinkable GelMA-SF IPN hydrogels with desirable and tunable features for biomedical applications. The GelMA-SF IPN hydrogels have lower swelling ratio, higher Young's modulus, resistance of collagenase degradation and denser network structures as compared to both semi-IPNs (GelMA crosslinking only) and GelMA hydrogels. We also demonstrated that by varying the concentration of silk fibroin in the IPN hydrogel, the biophysical, structural and biological properties of the resulting IPN hydrogels could be tuned. The tunable GelMA-SF IPN hydrogels are anticipated to constitute an attractive biomaterial to meet different requirements in the tissue engineering field. Finally, we created porous micropatterned scaffolds with GelMA-SF IPN hydrogels and those micro-scaffolds, upon directed assembly, could be used in engineering complex tissue constructs by "bottom-up" approach.
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Refer to Web version on PubMed Central for supplementary material. Schematic for synthesizing gelatin methacrylate (GelMA), GelMA-SF composite semi-IPN and IPN hydrogels. Gelatin macromers containing primary amine groups were reacted with methacrylic anhydride (MA) to graft methacrylate pendant groups (A). To create the GelMA-SF IPN hydrogel, the gelatin methacrylate was mixed with SF solution and crosslinked by using UV irradiation in the presence of a photoinitiator, following treatment with 70% methanol (MeOH) was used to induce SF crystallization (B). Representative optical images of GelMA, G-S-1 semi-IPN, and G-S-1 IPN hydrogel (from left to right) (C) The swelling property of GelMA-SF IPN, semi-IPN and pure GelMA hydrogels in DPBS (pH 7.4). Supplementing GelMA hydrogels (6 wt%) with SF (0.5, 1 and 2 wt%) generated GelMA-SF semi-IPN hydrogels that displayed a significant reduction in the swelling ratio (p<0.05). Treating GelMA-SF composite hydrogel with MeOH significantly reduced swelling ratios compared to GelMA-SF semi-IPN hydrogels at all SF concentrations (p<0.05). (*) indicates significant difference with Fischer's LSD. The compressive modulus of GelMA-SF IPN, semi-IPN and pure GelMA hydrogels. The addition of SF did not significantly alter the compressive modulus of GelMA-SF semi-IPN hydrogels when compared to GelMA alone. However, treatment with a 70% (v/v) MeOH solution significantly increased the compressive modulus of the GelMA-SF hydrogels compared to both GelMA alone and GelMA-SF semi-IPN hydrogels (p<0.05). (*) indicates significant difference with Fischer's LSD. Degradation pro le of pure GelMA and GelMA-SF IPN hydrogel with different collagenase concentrations (1U/ml (A) and 2U/ml (B)). Overall, the addition of SF significantly reduced the degradation rate of GelMA-SF IPN hydrogels compared to GelMA alone (p<0.05). Furthermore, there was an inverse correlation between SF concentration and degradation rate of GelMA-SF IPN hydrogels. SEM images of cross-section of GelMA hydrogels, GelMA-SF IPN and semi-IPN hydrogels (A). The structure of GelMA (A1) and semi-IPN (A2, A4, A6) were highly porous. For the IPN hydrogel (A3, A5, A7), the structure was more compact than semi-IPN and GelMA hydrogels. When the concentration of SF in IPN hydrogel was increased, flaky structures formed. The scale bars are 100μm. The porosity of the GelMA-SF composite hydrogels quantified by ImageJ based on the SEM images (B). MTT analysis of the NIH-3T3 fibroblast seeded on the GelMA-SF IPN hydrogel surface after 1, 3 and 5 days. After 1 day in culture cell metabolic activity was statistically indistinguishable for all hydrogels. After 3 and 5 days of culture, MTT assay revealed the highest metabolic activities for pure GelMA hydrogels and GelMA-SF IPN with 0.5% SF (p<0.05). (*) indicates significant difference with Fischer's LSD. Schematic of process to create micro-patterned scaffolds by photolithography and freezedrying (A). The SEM images of micropatterned scaffold based on G-S-0.5 IPN hydrogel (B). Fluorescence images (2×, 10×, and 20×) of live/dead stained NIH-3T3 fibroblasts after seeded on the micropatterned scaffold for 1 day (C).
